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the application time period, change the application time
period so as to shorten the application time period.
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IGNITION DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application i1s based on PCT filing PCT/
JP2018/019978, filed May 24, 2018, which claims priority
to JP 2017-216413, filed Nov. 9, 2017, the entire contents of

cach are incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to an 1gnition device for an
internal combustion engine, which uses a barrier discharge.

BACKGROUND ART

In an internal combustion engine, 1gnition 1s unstable
under a lean combustion environment or a high exhaust gas
recirculation (EGR) environment, which aims at an
improvement 1n fuel efliciency. In view of this, there is
proposed a barrier-discharge-type 1gnition device capable of
volumetric 1gnition (see, for example, Patent Literature 1).

CITATION LIST
Patent Literature

|IPTL 1] JP 2014-513760 Al

SUMMARY OF INVENTION

Technical Problem

As the mnvention according to Patent Literature 1, there 1s
proposed a technology for detecting a transition from low-
temperature plasma to thermal plasma to interrupt the ther-
mal plasma in an 1gnition device configured to form low-
temperature plasma through use of a short-pulse power
supply and an 1gnition plug having all metal electrodes
exposed to an air-fuel mixture.

However, the mvention according to Patent Literature 1
relates to the 1gnition device configured to generate a barrier
discharge through use of the AC power supply and the
ignition plug having at least one of the electrodes covered
with a dielectric body. Therefore, when the dielectric body
clectrically breaks down, there 1s no way to intentionally
generate low-temperature plasma, thereby inhibiting the
ignition device from performing 1ts normal operation. In
view ol this, 1t 1s required to employ a control scheme for
avoiding a failure of the 1gnition device while maintaining
mimmum 1gnition performance under an abnormal state in
which the dielectric body has electrically broken down.

The present mnvention has been made 1n order to solve the
above-mentioned problem, and has an object to obtain a
barrier-discharge-type 1gnition device capable of avoiding a
fallure while maintaining mimmum 1gnition performance

even when a dielectric body of an 1gnition plug electrically
breaks down.

Solution to Problem

An 1gmition device according to one embodiment of the
present invention includes: an i1gnition plug, which 1s
arranged 1n an 1nternal combustion engine, and 1ncludes a
first electrode, a second electrode, and a dielectric body
arranged between the first electrode and the second elec-
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2

trode; an AC power supply configured to generate an AC
voltage to be applied between the first electrode and the
second electrode; a thermal plasma detection portion con-
figured to detect whether thermal plasma has occurred
between the first electrode and the second electrode, and
when the thermal plasma 1s detected, output a thermal
plasma occurrence signal, and an application time period
determination portion configured to determine an applica-
tion time period for the AC voltage during one cycle of the
internal combustion engine 1n advance before the applica-
tion, and when the thermal plasma occurrence signal 1s
received while the AC voltage 1s being applied based on the
application time period, change the application time period
so as to shorten the application time period.

Advantageous Eflects of Invention

According to the present invention, there 1s provided a
configuration for performing control to shorten a predeter-
mined application time period when an occurrence of ther-
mal plasma 1s detected while the AC voltage 1s being applied
to the 1gnition plug based on the application time period. As
a result, 1t 1s possible to obtain a barrier-discharge-type
ignition device capable of avoiding a failure while main-
taining mimmum 1gnition performance even when the
dielectric body of the 1gnition plug electrically breaks down.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic diagram for illustrating an example
of a configuration of an 1gnition device according to a first
embodiment of the present invention.

FIG. 2 1s a circuit diagram for illustrating an example of
an AC power supply 20 in the first embodiment of the
present 1vention.

FIG. 3 1s a schematic view for illustrating an example of
an 1gnition plug of the 1gnition device according to the first
embodiment of the present invention.

FIG. 4 1s a schematic diagram for illustrating an example
of a wavetorm of an AC voltage to be applied to the 1gnition
plug under a normal state 1n the 1gnition device according to
the first embodiment of the present invention.

FIG. 5 15 a schematic diagram for illustrating an example
of a wavelorm of the AC voltage to be applied to the 1gnition
plug under an abnormal state 1n the 1gnition device accord-
ing to the first embodiment of the present invention.

FIG. 6 1s a schematic flow chart for illustrating an
example of a control flow of the 1gnition device according to
the first embodiment of the present mnvention.

FIG. 7 1s a schematic diagram for 1llustrating an example
of a configuration of an i1gnition device according to a
second embodiment of the present invention.

FIG. 8 1s a schematic diagram for illustrating an example
of a wavelorm of an AC voltage exhibited when thermal
plasma mtermittently occurs in the ignition device according,
to the second embodiment of the present invention.

FIG. 9 1s a schematic flow chart for illustrating an
example of a control flow of the 1gnition device according to
the second embodiment of the present invention.

FIG. 10 1s a schematic flow chart for illustrating an
example of a control flow of an 1gnition device according to
a third embodiment of the present mvention.

DESCRIPTION OF EMBODIMENTS

An 1gnition device according to preferred embodiments of
the present invention 1s described below with reference to
the accompanying drawings.
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First Embodiment

FIG. 1 1s a schematic diagram for illustrating an example
ol a configuration of an 1gnition device according to a first
embodiment of the present invention. The 1gnition device
according to the first embodiment has a technical feature of
being capable of 1gniting fuel with stability without causing,
a failure 1n the 1gnition device even when an 1gnition plug is
damaged.

The 1gnition device 1llustrated 1n FIG. 1 includes a control
unit 10, an AC power supply 20, and an 1gnition plug 50. The
AC power supply 20 and the 1gnition plug 50 are electrically
connected to each other. One end of the 1gnition plug 50 1s
arranged 1n a combustion chamber 100 of an 1nternal com-
bustion engine. The AC power supply 20 generates an AC
voltage. When an AC voltage 1s applied to the 1gnition plug
50, the 1gnition plug 50 causes a barrier discharge to occur
in the combustion chamber 100 of the internal combustion
engine.

The control unit 10 1s electrically connected to the AC
power supply 20. The control unmit 10 also includes an
application time period determination portion 11 configured
to determine a time period during which an AC voltage 1s to
be applied with one 1gnition, and a thermal plasma detection
portion 12 configured to detect the presence or absence of
thermal plasma at the 1ignition plug 50 to output the presence
or absence as a thermal plasma occurrence signal.

The AC power supply 20 1n the first embodiment has a
function of converting a DC voltage into an AC voltage and
a Tunction of boosting the AC voltage. In this case, the AC
voltage 1s not limited to a sine wave as long as a barrier
discharge can be caused to occur, and may be a square wave.

FIG. 2 1s a circuit diagram for illustrating an example of
the AC power supply 20 in the first embodiment of the
present invention. The AC power supply 20 illustrated in
FIG. 2 includes a DC power supply 21, a DC/DC converter
22, switching elements 23, a step-up transformer 24, and a
resonance coil 23.

The DC power supply 21 used 1n the AC power supply 20
corresponds to a DC voltage of 12 V, which 1s a general
automobile battery voltage. The AC power supply 20 boosts
the DC voltage from the DC power supply 21 by 2 times to
40 times by the DC/DC converter 22, then converts the DC
voltage into an AC voltage through use of the switching
clements 23, and further boosts the AC voltage by the
step-up transiformer 24 and the resonance coil 25. The
conversion from DC mto AC 1s performed by a full bridg
circuit using a total of four switching elements 23, two of
which are connected i1n series, and the other two of which are
connected 1n parallel.

In the first embodiment, the conversion from DC into AC
1s performed by a full bridge circuit, but a half bridge circuit
may be used for the conversion. When the halt bridge circuit
1s used, only two switching elements 23 are required, but a
double voltage 1s applied to the switching elements 23 even
with the same step-up ratio. Therefore, 1t 1s required to select
the switching elements 23 each having a higher withstand
voltage.

The step-up transformer 24 boosts the AC voltage gen-
crated through use of the switching element 23. A ratio
between the numbers of turns of a primary winding and a
secondary winding in the step-up transformer 24 1s set to
from 2 times to 200 times. One end on the secondary
winding side 1s connected to the 1gnition plug 50 through the
resonance coil 25, and the other end on the secondary
winding side 1s set at the same potential as that of an engine

5

10

15

20

25

30

35

40

45

50

55

60

65

4

casing. The AC voltage boosted by the step-up transformer
24 1s further boosted through use of LC resonance.

An electrostatic capacitance C component i the LC
resonance 1s a combination of the stray capacitance of the
ignition plug 50 and the stray capacitance of a wiring
extending from the resonance coil 25 to the 1ignition plug 50.
Meanwhile, an inductance L component 1n the LC resonance
1s a combination of the inductance ot the resonance coil 25,
the leakage inductance of the step-up transtormer 24, and the
inductance of a wiring extending from the step-up trans-
former 24 to the ignition plug 30.

The step-up transformer 24 1s not always required to be
provided as a component, and the system can be downsized
when the step-up transformer 24 1s not provided as a
component. However, when the step-up transformer 24 is
not provided as a component, 1t 1s required to cause a barrier
discharge to occur by boosting the voltage only by the
DC/DC converter 22 and the LLC resonance. Therefore, a
load imposed on the DC/DC converter 22 increases, and
there 1s a risk that a barrier discharge may not occur due to
msuilicient voltage boosting 1n the first place.

In contrast, when the step-up transformer 24 1s provided
as a component, 1t 1s possible to reduce a step-up ratio
required for the DC/DC converter 22 and the LC resonance.

In the same manner, the resonance coil 25 1s not always
required to be provided as a component, and the system can
be downsized when the resonance coil 25 1s not provided as
a component. In contrast, when the resonance coil 25 1is
provided as a component, 1t 1s possible to lower the reso-
nance frequency of the AC voltage 1n the LC resonance. This
allows a more inexpensive clement to be used as the
switching element 23, and also facilitates insulation mea-
sures 1n a high voltage path.

As the resonance coil 25, for example, an 1ron-core
reactor using a ferrite core may be employed, or an air-core
reactor using no core material may be employed. When the
iron-core reactor 1s employed, a larger inductance can be
obtained. Meanwhile, when the air-core reactor 1s employed.,
it 15 not required to take the heat generation of a core
material into consideration.

In another case, the voltage from the DC power supply 21
may be directly converted into AC by the switching element
23 without being boosted by the DC/DC converter 22. In the
case of the direct conversion into AC, there 1s an advantage
that the DC/DC converter 22 1s not required. In contrast, the
step-up ratio required for the step-up transformer 24 and the
LC resonance using the resonance coil 25 and the 1gnition
plug 50 increases, and hence the size of the system increases.

FIG. 3 1s a schematic view for illustrating an example of
the 1gnition plug 50 of the 1gnition device according to the
first embodiment of the present invention. The 1gnition plug
50 1n the first embodiment 1includes electrodes configured to
cause a barrier discharge to occur. More specifically, the
ignition plug 50 includes a first electrode 52, a dielectric
body 53, a second electrode 54, and a discharge region 55.

The 1gnition plug 50 has a structure 1n which at least one
of the first electrode 52 and the second electrode 354 1is
covered with the dielectric body 53. The first electrode 52
(center electrode 52), which 1s a rod-shaped conductor, 1s
arranged on the center axis of the ignition plug 50. The first
clectrode 52 has one end connected to the resonance coil 25
and the other end reaching the discharge region 55.

The center electrode 352 excluding a portion thereof con-
nected to the resonance coil 23 1s covered with the dielectric
body 53 in all directions. The entire periphery of the
dielectric body 53 1s covered with the second electrode 54
(peripheral electrode 34). That 1s, the center electrode 52, the
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dielectric body 53, and the peripheral electrode 54 have a
common center axis, and are all mtegrally fixed.

In the discharge region 55, a gap (discharge gap) of 3.0
mm or less 1s formed between the dielectric body 53 and the
peripheral electrode 54. In this discharge gap, a barrier
discharge for 1gniting an air-fuel mixture occurs. Through
the formation of the gap, a material thickness of the dielec-
tric body 53 1s reduced 1n the discharge region 35 to as thin
as from 0.1 mm to 5 mm.

In the discharge region 55, it 1s not always required to
form a gap between the dielectric body 53 and the peripheral
clectrode 54. When the gap 1s not formed, there occurs a
barrier discharge along the creepage face of the dielectric
body 33 from a position at which three substances of the
dielectric body 53, the peripheral electrode 54, and ambient
gas are brought into contact with one another.

The barrier discharge on the creepage face 1s a discharge
disadvantageous for 1igmition due to an 1mntluence of a flame-
out action. Meanwhile, the barrier discharge on the creepage
face 1s advantageous in that power consumption can be
suppressed and that the discharge start voltage can be
lowered.

As the material thickness of the dielectric body 53
decreases, the electrical or mechanical strength of the dielec-
tric body 53 decreases, but the discharge gap can be set
larger, which 1s advantageous for 1ignition. In contrast, as the
material thickness of the dielectric body 33 i1s set larger, the
clectrical or mechanical strength 1s further improved, but the
discharge gap decreases, which 1s disadvantageous for 1gni-
tion. In addition, when the material thickness of the dielec-
tric body 53 1s set larger, thermal stress due to a temperature
gradient in a radial direction increases.

The dielectric body 33 and the peripheral electrode 54
other than the discharge region 55 may be 1n contact with
each other, or air or an air-fuel mixture made of air and fuel
may exist therebetween. The dielectric body 53 and the
peripheral electrode 54 may be in contact with each other
only partially 1n the discharge region 35, and by adjusting
the area of a contact region between the dielectric body 33
and the peripheral electrode 54, it 1s possible to adjust the
temperature of the ignition plug 50 while the engine 1s
running.

FIG. 4 1s a schematic diagram for illustrating an example
ol a wavetorm of the AC voltage to be applied to the 1gnition
plug 50 under a normal state 1n the 1gnition device according
to the first embodiment of the present invention. As illus-
trated 1n FIG. 4, an AC voltage over a plurality of cycles 1s
applied to the 1gnition plug 50 with one 1gnition. As a resullt,
the barrier discharge 1s carried out for a predetermined time
period, and low-temperature plasma 1s formed, to thereby
ignite the fuel.

The voltage gradually increases 1n the initial stage of a
voltage wavetorm 1llustrated 1n FIG. 4, which indicates a
characteristic of the LC resonance. A time period during
which an AC voltage 1s to be applied with one 1gnition,
including a period for the LC resonance, 1s hereinafter
referred to simply as “application time period”.

The application time period determination portion 11 has
a Tunction of determining the application time period prior
to the 1gnition. The longer application time period 1s advan-
tageous 1n stable 1gnition, while the shorter application time
period 1s advantageous 1n terms of power consumption. For
example, 1n regard to the operating condition of the internal
combustion engine, the application time period can be set
longer under a condition 1 which the 1gnition tends to be
unstable, and can be set shorter under a condition in which
the 1gnition tends to be stable.
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The application time period 1s not always required to be
determined by the 1gnition device. In an exemplary case of
an automobile, an ECU may determine the application time
pertod and transmit information on the application time
period to the AC power supply 20 depending on the length
of an 1gnition signal. In addition to the application time
period, 1t 1s also possible to adjust the power consumption
with one 1gnition by increasing or decreasing the frequency
at which the AC power supply 20 oscillates.

When the voltage 1s constant, the power consumption 1s
proportional to the frequency. Meanwhile, when the voltage
1s boosted through use of the LC resonance, the voltage can
be lowered to reduce the power consumption by increasing
a distance from the resonance frequency. The 1gnition device
according to the first embodiment selectively adjusts the
application time period and the frequency, to thereby be able
to perform control between, for example, a high-output
short-time-period discharge at high rotation of the internal
combustion engine and a low-output long-time-period dis-
charge at low rotation thereof.

The AC voltage wavetorm 1s not limited to a sine wave,
and may be, for example, a square wave. The square wave
has stricter requirement specifications required for the AC
power supply 20, but can cause a larger amount of discharge
to occur than that in the case of the sine wave, which 1s
advantageous 1n reliable 1gnition. In contrast, the use of the
sine wave 1s advantageous 1n downsizing and cost reduction.

FIG. 5 1s a schematic diagram for 1llustrating an example
of a wavetorm of the AC voltage to be applied to the 1gnition
plug 50 under an abnormal state in the igmition device
according to the first embodiment of the present invention.
In this case, the “abnormal state” refers to a state in which
the dielectric body 353 in the discharge region 55 of the
ignition plug 50 has been damaged and there 1s a path having
no dielectric body 33 interposed in the gap between the
center electrode 52 and the peripheral electrode 354 1n the
combustion chamber 100.

Typical causes of the damage done to the dielectric body
53 include an electrical penetration failure due to the applied
AC voltage, an impact failure due to the collision of foreign
matter, and damage due to thermal stress. Even for any one
of the causes, thermal plasma 1s generated when the dielec-
tric body 53 1s so damaged as to expose the central electrode
52. Thus, 1t becomes 1impossible to cause a barrier discharge
to occur.

The voltage wavetorm illustrated 1 FIG. 5 indicates a
phenomenon in which the voltage gradually rises due to LC
resonance 1n the imitial stage of the application of the AC
voltage, and thermal plasma i1s caused to occur after the
discharge start voltage 1s reached, to thereby cause the
voltage to drop. The presence or absence of thermal plasma
in the 1gnition plug 50 1s determined by the thermal plasma
detection portion 12.

For example, in the AC power supply 20, the presence or
absence of thermal plasma 1n the i1gnition plug 50 can be
estimated with accuracy from a change in voltage wavetorm
or change 1n current waveform at any given spot. In another
case ol an automobile, the presence or absence of thermal
plasma 1n the 1gnition plug 50 may be determined from a
power consumption amount or voltage drop of a battery, and
in this case, the accuracy 1s low, but the low cost can be
achieved.

At the generation of thermal plasma, a larger current tlows
through the center electrode 52 than at the generation of
low-temperature plasma, and the thermal plasma that has
once occurred 1s sustained while the AC voltage 1s being
applied. This causes output to exceed a permitted value 1n
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the AC power supply 20 when thermal plasma occurs, which
raises a fear that the AC power supply 20 may cause a
failure. Therefore, in order to avoid a failure of the AC

power supply 20, when thermal plasma 1s detected, it 1s
required to set the application time period shorter to reduce >
a load on a power supply.

FIG. 6 1s a schematic flow chart for illustrating an
example of a control flow of the 1ignition device according to
the first embodiment of the present invention. In Step S101,
the control unit 10 determines, by the application time
period determination portion 11, the application time period
before 1gnition 1s started. After that, in Step S102, the control
unit 10 controls the AC power supply 20 to apply an AC
voltage to the 1ignition plug 50 based on the application time
period determined i Step S101.

Then, while the AC voltage 1s being applied, in Step S103,
the control unit 10 determines, by the thermal plasma
detection portion 12, the presence or absence of thermal
plasma. When the control unit 10 determines that thermal 2¢
plasma 1s present, the control unit 10 advances to Step S104
to shorten the application time period.

This processing of Step S104 for shorteming the applica-
tion time period 1s applied from a cycle at a time point at
which thermal plasma i1s detected, to thereby be able to 25
reliably reduce the load on the power supply. In another
case, the control umit 10 may shorten and set the application
time period from a cycle following the cycle at a time point
at which thermal plasma 1s determined to be present or after
the determination 1s performed a plurality of times. In that 30
case, the load on the power supply increases for a certain
time period, but 1t 1s possible to improve robustness against
a malfunction due to noise.

When the application time period 1s shortened 1n Step
5104, the control unit 10 sets a time period after thermal 35
plasma 1s detected until the application 1s to be stopped so
as to ensure a time period corresponding to at least half a
cycle of the AC voltage. Under a state in which thermal
plasma 1s generated by the ignition plug 50, no barrier
discharge 1s generated. Therefore, under this state, the 40
ignition 1s performed by the thermal plasma, but stable
1gnition requires a time period corresponding to at least half
a period.

Therefore, 1n order to carry out the stable ignition in
combination with protection of the AC power supply 20, 1t 45
1s required to set the application time period obtained after
the shortening to become shorter than the preset application
time period so that the time period after thermal plasma 1s
detected until the application 1s to be stopped corresponds to
the time period corresponding to at least half a cycle of the 50
AC voltage.

For example, it 1s assumed that thermal plasma 1s detected
at a time point of 1.5 ms after the application of the AC
voltage when an AC voltage of 5 kHz 1s set with an
application time period of 3 ms under a normal state. In this 55
case, a cycle of the AC voltage 1s 0.2 ms, and half a cycle
1s 0.1 ms. Therefore, the control unit 10 resets the applica-
tion time period obtained after the shortening so as to
become equal to or longer than 1.6 ms and shorter than 3.0
ms aiter the application of the AC voltage. 60

When a time period obtained by adding half a cycle of the
AC voltage after the time point of the detection of thermal
plasma becomes longer than the preset application time
period, the control unit 10 preferentially sets the shorter
application time period. That 1s, the control unit 10 prevents 65
the application time period to be reset from becoming longer
than the preset application time period.
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As described above, according to the first embodiment,
there 1s provided a configuration in which the presence or
absence ol thermal plasma 1s detected during the i1gnition
processing, and when thermal plasma 1s determined to have
occurred, the time period to apply the AC voltage to the
ignition plug 1s shortened. There 1s also provided a configu-
ration 1n which the application time period can be reset so
that the time period corresponding to at least half a cycle of
the AC voltage 1s ensured as the time period after thermal
plasma 1s detected until the application 1s to be stopped.

As a result, 1t 1s possible to achieve the barrier-discharge-
type 1gnition device capable of avoiding a failure while
maintaining minimum ignition performance even when the
dielectric body of the 1ignition plug electrically breaks down.
That 1s, 1t 1s possible to achieve the 1gnition device capable
of 1igniting fuel with stability without causing a failure 1n the
ignition device even when the ignition plug 1s damaged.

Second Embodiment

A second embodiment of the present invention aims at
further expansion of the function of the ignition device
according to the first embodiment described above by add-
ing a partial component thereto. In the following description,
portions configured to perform the same functions as those
in the first embodiment described above are denoted by the
same reference symbols, and duplicate descriptions are
omitted as appropriate.

FIG. 7 1s a schematic diagram for illustrating an example
of a configuration of an ignition device according to the
second embodiment of the present mvention. The second
embodiment further includes a thermal plasma retention
detection portion 13 configured to detect whether or not
thermal plasma 1s retained for a period exceeding a time
period corresponding to half a cycle of the AC voltage
generated by the AC power supply 20 to output a thermal
plasma retention signal. The thermal plasma detection por-
tion 12 described in the first embodiment 1s used for the
detection of thermal plasma. The thermal plasma retention
detection portion 13 then determines whether or not the state
in which thermal plasma 1s present, which 1s detected by the
thermal plasma detection portion 12, 1s retained.

The case 1mn which the thermal plasma that has once
occurred 1s retained without disappearing during the period
of applying the AC voltage 1s described above with refer-
ence to FIG. 5. However, thermal plasma may not always be
retained, and may occur intermittently.

FIG. 8 1s a schematic diagram for illustrating an example
of a wavelorm of an AC voltage exhibited when thermal
plasma mtermittently occurs in the 1ignition device according,
to the second embodiment of the present invention. When
thermal plasma occurs, the LC resonance i1s no longer
established. Therefore, an amplification period of a voltage
due to the LC resonance occurs again.

The thermal plasma 1s retained when a time period during,
which the positive or negative of the AC voltage 1s reversed
1s shorter than a time period during which the thermal
plasma that has occurred disappears. In contrast, the thermal
plasma disappears when the time period during which the
positive or negative of the AC voltage 1s reversed 1s longer.
That 1s, as the frequency of the AC voltage becomes lower,
thermal plasma 1s more likely to occur intermittently. One of
the features of the second embodiment 1s that a method of
adjusting the application time period 1s changed depending
on whether or not 1t has been detected that the thermal
plasma 1s retained.
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FIG. 9 1s a schematic flow chart for illustrating an
example of a control flow of the 1ignition device according to
the second embodiment of the present invention. Step S101
to Step S103 are the same as those 1n the first embodiment
described above. When it 1s determined 1 Step S103 that
thermal plasma 1s present, the control unit 10 advances to
Step S201 to determine whether or not the retention of the
thermal plasma has been detected by the thermal plasma
retention detection portion 13.

When 1t 1s determined 1 Step S201 that the retention of
the thermal plasma has been detected, the processing
advances to Step S104, and the control unit 10 shortens the
application time period.

Meanwhile, when it 1s determined 1n Step S201 that the
retention of the thermal plasma has not been detected, that
1s, when 1t 1s determined that thermal plasma occurs inter-
mittently, the processing advances to Step S202. In Step
5202, the control unit 10 discriminates the operating con-
dition of the internal combustion engine.

Specifically, the control umt 10 discriminates this oper-
ating condition based on the rotation speed of the internal
combustion engine. The power supplied from the AC power
supply 20 increases as the rotation speed becomes higher.
Therefore, when the rotation speed 1s high, the control unit
10 places high priority on the protection of the AC power
supply 20, and advances to Step S203 to shorten the appli-
cation time period.

Meanwhile, when the rotation speed 1s low, the load on
the AC power supply 20 1s relatively small, and hence the
control unit 10 places high priority on the stable 1gnition,
and advances to Step S204 to extend the application time
period. The control unit 10 can determine whether to branch
ofl to Step S203 or Step S204 by setting a given rotation
speed as a threshold value. That 1s, on the whole, the control
unit 10 changes the setting so that the application time
period becomes shorter as the rotation speed becomes
higher, while the application time period becomes longer as
the rotation speed becomes lower.

When executing the processing of Step S202, the control
unit 10 may discriminate the engine condition based on the
load on the internal combustion engine or the air-fuel ratio
in place of the rotation speed. It 1s easier to perform the
stable 1gnition under a condition that the load 1s high or the
air-fuel ratio 1s low. Therefore, when the condition that the
load 1s lugh or the air-fuel ratio i1s low 1s established, the
control unit 10 advances to Step S203 to shorten the appli-
cation time period. Meanwhile, when a condition that the
load 1s low or the air-fuel ratio 1s high 1s established, the
control unit 10 may advance to Step S204 to extend the
application time period.

When the engine condition 1s discriminated based on the
rotation speed, the control based on the protection of the AC
power supply 20 1s executed. Meanwhile, when the engine
condition 1s discriminated based on the load or the air/fuel
rat10, the control based on the stable 1gnition 1s executed. In
both cases, the etfect of achieving both the protection of the
power supply and the stable 1gnition 1s produced.

When the retention of the thermal plasma 1s not detected
in Step S201, the control unit 10 may execute processing for
increasing the frequency of the AC voltage instead of
discriminating the engine condition i Step S202. By
increasing the frequency of the AC voltage, it 1s possible to
intentionally retain the thermal plasma. As a result, 1t 1s
possible to omit Step S202, to thereby produce the effects of
simplified control and higher speed.

As described above, according to the second embodiment,
there 1s further provided a configuration 1in which the time

10

15

20

25

30

35

40

45

50

55

60

65

10

period to apply the AC voltage to the 1gnition plug can be
changed to an appropriate value in consideration of the
retention state of the thermal plasma and the engine condi-
tion. As a result, 1t 1s possible to achieve both the protection
of the power supply and the stable 1gmition with higher
accuracy than 1n the first embodiment described above. In
particular, even when thermal plasma occurs intermittently,
it 1s possible to appropnately adjust input energy based on
the operation state of the engine.

Third Embodiment

A third embodiment of the present invention aims at
further expansion of the function of the ignition device
according to the second embodiment described above by
adding a partial component thereto. In the following descrip-
tion, portions configured to perform the same functions as
those 1 the second embodiment described above are
denoted by the same reference symbols, and duplicate
descriptions are omitted as appropriate.

In the third embodiment, there 1s further provided air-fuel
ratio reduction processing for outputting a signal for low-
ering a mixing ratio of air to fuel 1n the internal combustion
engine when thermal plasma 1s detected. FIG. 10 1s a
schematic flow chart for i1llustrating an example of a control
flow of an 1gnition device according to a third embodiment
of the present invention.

In FIG. 10, an air-fuel ratio reduction processing step of
Step S301 1s further provided 1n addition to the series of
procedures of processing described above with reference to
the flowchart of FIG. 9. More specifically, when thermal
plasma 1s detected in Step S103, the control unit 10 advances
to Step S301 to execute the air-fuel ratio reduction process-
ng.

That 1s, the control unit 10 1n the third embodiment lowers
the air-fuel ratio when thermal plasma 1s detected, to thereby
establish a condition that facilitates the stable 1gnition. By
executing such air-fuel ratio reduction processing, it 1s
possible to set the application time period shorter than 1n the
case 1n which the air-fuel ratio 1s not lowered, to thereby
facilitate the protection of the power supply. That 1s, when
shortening the application time period later 1n Step S104, the
control unit 10 can make the amount of shortening larger
than that 1n the second embodiment described above.

In addition, by executing the air-fuel ratio reduction
processing 1 Step S301, the control unit 10 can set the
application time period to be obtained after the changing 1n
Step S203 or Step S204 shorter than in the second embodi-
ment described above on the whole even after the engine
condition 1s discriminated 1 Step S202.

The control unit 10 can also place high priority on the
protection of the power supply, and ignore Step S204 to
advance the processing solely to Step S203 instead. By
advancing the processing solely to Step S203 in the pro-
cessing after Step S202, 1t 1s possible to simplify and speed
up the control.

When detecting thermal plasma, the control unit 10 out-
puts a signal for resetting the 1gnition timing, and when the
air-fuel ratio 1s reduced, outputs a signal for retarding the
ignition timing based on the reduction amount. By optimiz-
ing the 1ignition condition, 1t 1s possible to produce the eflect
ol causing stable combustion even when the 1gnition plug 1s
damaged.

Such a series of air-fuel ratio reduction processes can also
be executed by, for example, the thermal plasma detection
portion 12 included 1n the control unit 10.
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As described above, according to the third embodiment,
there 1s further provided a configuration 1n which the con-
dition that facilitates the stable 1gnition under an abnormal
state 1n which the dielectric body has electrically broken
down 1s established by reducing the air-fuel ratio when 5
thermal plasma 1s detected. As a result, 1t 1s possible to
achieve both the protection of the power supply and the
stable 1gnition with higher accuracy than in the second
embodiment described above.

10
REFERENCE SIGNS LIST

10 control unit, 11 application time period determination
portion, 12 thermal plasma detection portion, 13 thermal
plasma retention detection portion, 20 AC power supply, 21 15
DC power supply, 22 DC/DC converter, 23 switching ele-
ment, 24 step-up transformer, 25 resonance coil, 50 1gnition
plug, 52 first electrode, 53 dielectric body, 54 second elec-
trode, 55 discharge region

The 1nvention claimed 1s: 20

1. An 1gnition device, comprising:

an 1gnition plug, for use with an internal combustion

engine, and including a first electrode, a second elec-

trode, and a dielectric body arranged between the first

electrode and the second electrode; 75
an AC power supply configured to generate an AC voltage

to be applied between the first electrode and the second

electrode; and

a controller configured to:

detect whether thermal plasma has occurred between the 3¢

first electrode and the second electrode, and when the
thermal plasma 1s detected, generate a thermal plasma
occurrence signal;

determine an application time period for the AC voltage

during one cycle of the iternal combustion engine 1 35
advance before an application of the AC voltage, and
when the thermal plasma occurrence signal 1s generated
while the AC voltage 1s being applied based on the

application time period, change the application time

period so as to shorten the application time period; and 40
detect whether the thermal plasma is retained during half

a cycle of the AC voltage after the thermal plasma 1s

detected, and generate a thermal plasma retention sig-

nal when the thermal plasma is retained,

wherein, when the thermal plasma occurrence signal 1s 45
generated and the thermal plasma retention signal 1s
generated, the controller 1s further configured to change
the application time period so as to shorten the appli-
cation time period.

12

2. The 1gnition device according to claim 1, wherein,
when the thermal plasma occurrence signal 1s generated and
the thermal plasma retention signal 1s not generated even
after the half a cycle of the AC voltage has elapsed after the
thermal plasma 1s detected, the controller 1s turther config-
ured to determine the application time period based on a
rotation speed of the internal combustion engine, and change
the application time period so that the application time
pertod becomes shorter as the rotation speed becomes
higher.

3. The 1gnition device according to claim 1, wherein,
when the thermal plasma occurrence signal 1s generated and
the thermal plasma retention signal 1s not generated even

alter the half a cycle of the AC voltage has elapsed after the
thermal plasma 1s detected, the controller 1s turther config-
ured to determine the application time period based on a load
on the mternal combustion engine, and change the applica-
tion time period so that the application time period becomes
shorter as the load becomes higher.

4. The 1gnition device according to claim 1, wherein,
when the thermal plasma occurrence signal 1s generated and
the thermal plasma retention signal 1s not generated even
alter the half a cycle of the AC voltage has elapsed after the
thermal plasma 1s detected, the controller 1s further config-
ured to determine the application time period based on a
mixing ratio of air to fuel 1n the internal combustion engine,
and change the application time period so that the applica-
tion time period becomes shorter as the mixing ratio of air
to fuel becomes lower.

5. The 1gnition device according to claim 1, wherein,
when the thermal plasma 1s detected, the controller generates
a signal for lowering a mixing ratio of air to fuel in the
internal combustion engine.

6. The 1gnition device according to claim 2, wherein,
when the thermal plasma 1s detected, the controller generates
a signal for lowering a mixing ratio of air to fuel in the
internal combustion engine.

7. The 1gnition device according to claim 3, wherein,
when the thermal plasma 1s detected, the controller generates
a signal for lowering a mixing ratio of air to fuel in the
internal combustion engine.

8. The 1gnition device according to claim 4, wherein,
when the thermal plasma 1s detected, the controller generates
a signal for lowering the mixing ratio of air to fuel 1n the
internal combustion engine.
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